Poly(ADP-ribose) polymerase (PARP) inhibitors are an exciting development in anticancer therapy ([@bib25]). The superfamily of PARP enzymes consists of 17 members, with PARPs 1--3 being activated by, and promoting the repair of, DNA breaks ([@bib23]). The most abundant PARPs, PARP-1 and 2, play an essential role in the repair of DNA single-strand breaks (SSBs) via the base excision repair/single-strand break repair (BER/SSBR) pathway. Poly(ADP-ribose) polymerase inhibition results in accumulation of unrepaired SSBs, leading to collapsed replication forks and DNA double-strand breaks (DSBs). The Homologous Recombination repair (HRR) pathway, in which BRCA1 and BRCA2 are key elements, is essential to the efficient and error-free repair of such lesions ([@bib11]). Germline (g) mutations in either the *BRCA1* or *BRCA2* genes render individuals at high life-time risk of breast and ovarian cancer ([@bib10]) and these subsequent cancers may have HRR deficiency (HRD). PARP inhibitors (PARPis) have been shown to selectively kill cells and xenografts with HRD by a process known as 'synthetic lethality\' ([@bib2]; [@bib6]). 'Synthetic lethality\' is the concept by which death results from the inactivation of two genes or pathways when inactivation of either gene or pathway alone is nonlethal ([@bib12]). Subsequent early-phase clinical trials of PARPis have shown promising antitumour activity in *BRCA*-mutant cancers with acceptable toxicity profiles ([@bib7]; [@bib1]; [@bib30]; [@bib22]). In addition, PARPis, as single agents, may have a broader application in the treatment of cancers with HRD not directly due to gBRCA mutations. For example, ∼50% of high-grade serous ovarian cancers (HGSOCs) were shown in The Cancer Genome Atlas Network (TCGAN) molecular analysis to harbour HRD ([@bib27]). This HRD included somatic *BRCA* mutations (6--8%), and epigenetic silencing in genes not associated with *BRCA* but essential to HRR function, such as *ATM*, *CHEK2*, *RAD51* and *MRE11A*. Similarly 55% of unselected HGSOCs were found to have HRD using a functional assay of HRR, and be sensitive to PARP inhibition ([@bib17]). Induction of HRD in cancers by altering the tumour microenvironment through hypoxia ([@bib3]) or by combining PARPis with agents that might downregulate HRR, such as VEGF inhibitors ([@bib14], might render HRR-competent cells sensitive to PARP inhibition. This concept, known as 'contextual\' synthetic lethality, could broaden the application of this class of drugs in the treatment of cancer and is the rationale behind other ongoing clinical trials ([www.clinicaltrials.gov](http://www.clinicaltrials.gov)).

Rucaparib (CO-338; formally known as PF-01367338 and AG-014699) is a potent selective small-molecule inhibitor of both PARP-1 and PARP-2, with a respective Ki of 0.8 and 0.5 n[M]{.smallcaps} ([@bib29]). In addition, it has recently been shown to have activity against the tankyrases TANK1 and 2 otherwise known as PARP5A and PARP5B ([@bib31]). The free base compound AG-014447 (8-Fluoro-2-(4-methylaminomethyl-phenyl)-1,3,4,5- tetrahydro-azepino\[5,4,3-cd\]indol-6-1) is available in phosphate and camphorsulphonic acid salt forms. The phosphate salt (intravenous (i.v.) formulation) was named rucaparib by Clovis Oncology Inc. (Boulder, CO, USA), following their acquisition of the full rights to the agent in 2011. The oral camphorsulphonic acid salt formulation is known as rucaparib camsylate. For the purpose of this report the investigational agent will be termed i.v. and oral rucaparib. In preclinical models AG014699 (i.v. rucaparib compound) inhibits tumour growth in not only mutant *BRCA*1/2 models, but also in those with non-*BRCA* mutant-deficient HR, such as deficient XRCC3 and epigenetically silenced *BRCA*1 ([@bib4]). Phase 1 (in advanced solid tumours) and 2 (in melanoma) studies of i.v. rucaparib in combination with the oral DNA methylating agent temozolomide were completed in 2005 and 2008 respectively ([@bib20], [@bib21]). No rucaparib-related serious adverse effects were reported in the phase I trial and PARP inhibition of \>90% in tumours and surrogate tissues following single i.v. doses were observed.

This is the first study to investigate the antitumour effects of single-agent i.v. and oral rucaparib in patients with gBRCA mutant advanced breast and ovarian cancers. Employing a range of dosing schedules, the safety, tolerability, dose-limiting toxic effects and pharmacodynamic (PD) and pharmacokinetic (PK) profiles of rucaparib are assessed.

Materials and methods
=====================

Trial design and patient recruitment
------------------------------------

The trial was originally designed as an open-label, multicentre, phase II study of i.v. rucaparib, given as a 30-min infusion daily for 5 days of each 21-day cycle in patients with proven gBRCA-1/2 mutations and locally advanced or metastatic breast cancer, or advanced ovarian cancer. At the time of study conception (2006), there were no published clinical safety data about the use of PARPis in gBRCA mutation carriers. It was also unknown whether differences in response would be observed between the *BRCA1* and *BRCA2* mutation carriers or the breast and ovarian cancers. The study therefore comprised a short dose-escalation phase (stage 1), using cohorts of *n*=6 (3 *BRCA1* and 3 *BRCA2*) at each dose level, as outlined in [Figure 1](#fig1){ref-type="fig"}, and a proof of principle phase (stage 2) using the recommended safe i.v. dose established in stage 1. In stage 2, patients were stratified into four groups to assess response based on gBRCA mutation status (1 or 2) and tumour type (breast or ovary). In stage 1, after recruitment to the initial cohort, patients were recruited to subsequent cohorts provided there were no dose-limiting toxicities (DLTs) at the previous dose level.

Preliminary analysis of the PD and clinical response data in the first 38 patients treated suggested that a more continuous schedule was required for efficacy ([@bib5]) Therefore, when in 2011 an oral, tablet formulation of rucaparib (rucaparib camsylate) became available through Clovis Oncology, recruitment to the i.v. cohorts was suspended and the study design amended. The study reopened (on 25 October 2011) to investigate oral rucaparib at higher doses and more prolonged schedules, including continuous dosing. Patients who remained on study at the time of the switch to oral dosing continued with i.v. dosing until study withdrawal. The oral rucaparib starting dose was set at 92 mg daily that is bioequivalent to an 18 mg m^−2^ i.v. dose using the calculation: oral dose=(i.v. dose × body surface area)/oral bioavailability. Body surface area (BSA) was set at 1.75 m^2^ (median BSA of the first 42 patients treated within the i.v. study). At this time, bioavailability was estimated at 34% (data on file at Clovis); however, subsequent studies have shown it to be 38% and dose independent ([@bib16]).

The oral study initially investigated increasing duration of dosing (7, 14 and 21 days) at the set dose of 92 mg once daily (o.d.) within a 21-day cycle. Higher dose levels and more frequent dosing (twice daily (b.d.)) were then investigated in order to determine the optimal dose and regimen of oral rucaparib. Following the reporting of phase 2 clinical data suggesting that non-gBRCA HGSOCs respond to PARPis ([@bib9]), recruitment to oral rucaparib was also opened to patients with HGSOC with unknown gBRCA mutation status.

The study was conducted in accordance with the Good Clinical Practice guidelines and the Declaration of Helsinki. The protocol and subsequent amendments were approved by the MHRA, a multicentre research ethics committee, local Research and Development departments and Cancer Research UK (the sponsor). Patients were enrolled and treated at seven centres across the United Kingdom.

All patients provided written informed consent. Inclusion criteria included histologically documented malignancy, locally advanced or metastatic breast cancer or advanced ovarian cancer (including epithelial, fallopian tube and primary peritoneal cancer), evidence of gBRCA1/2 mutation, WHO performance status (PS) 0 or 1, age ⩾18 years, life expectancy ⩾12 weeks, no more than 5 lines of previous chemotherapy, adequate bone marrow, liver and renal function and measurable disease as defined by the Response Evaluation Criteria in Solid Tumours (RECIST version 1.0) ([@bib28]). For ovarian cancer patients, \>2 months or ⩾6 months must have elapsed since the last platinum-containing regimen for the *BRCA* mutant and the HGSOC patients respectively. Patients were excluded if they had received prior PARPi treatment, had brain metastases or significant comorbidities. Patients were treated until disease progression or study withdrawal for other reasons.

Study end points
----------------

The primary end points were to determine the tumour objective response rate (ORR) and the toxicity of i.v. and oral rucaparib in the study population. Secondary end points were: to determine a tolerable and effective dosing regimen for oral rucaparib to recommend for future studies, time to progression and overall survival, to assess PK and to evaluate the effect of rucaparib on PARP enzyme activity in peripheral blood lymphocytes (PBLs) through a validated PD assay.

Disease response was assessed according to RECIST every 2 cycles (6 weeks). Patients who completed at least 2 cycles at ⩾80% of dose were eligible for response evaluation. Toxicity and tolerability of rucaparib was determined by adverse event monitoring using the Common Terminology Criteria for Adverse Events (CTCAE) version 3.0 (<http://ctep.cancer.gov>, publish date 9 August 2006). Dose-limiting toxicity was defined as a drug-related adverse event defined by CTCAE version 3.0 occurring in the first and second cycle for i.v. patients in stage 1 and in cycle 1 for all other patients.

Response rates are reported as RECIST complete response and partial response (CR/PR) and RECIST stable disease (SD) for ⩾12 weeks, which is at least 4 treatment cycles.

PARP activity pharmacodynamics
------------------------------

The PARP enzyme activity levels in surrogate cells (PBLs) were assessed at baseline during cycle 1 on day 1 (D1) pre-dose and in response to rucaparib at the following time-points: end-of -infusion, 4 h post dose and on D2 pre-dose (∼24 h post D1 dose). Patients in the i.v. cohorts who dose escalated had samples taken in cycles 1 and 2. In the oral cohorts, PARP activity was assessed at baseline, cycle 1 D1 pre-dose and following rucaparib at 30 min post dose, 4 h post dose and D2 pre-dose and on D8, D15 and D22 pre-dose (where appropriate). Samples were analysed using a validated assay that uses quantitative immunologic detection of *ex vivo* poly(ADP-ribose) formation ([@bib19]). During the validation of the assay a large interassay variability (40%) was observed between blots (unpublished data, Dr Chris Jones, Newcastle University, Newcastle upon Tyne, UK), making it questionable to compare PARP activity directly between blots using the luminescence values. To combat this and standardise results between assays, the following serially diluted standards of PAR 25, 5, 1, 0.2, 0.04 and 0 pmol ADP-ribose monomer are loaded onto the immunoblot at the same time as the patient cell samples. In addition, all samples for each individual patient were run on the same blot in order to assess changes in PARP activity accurately over time following rucaparib.

Rucaparib pharmacokinetics
--------------------------

For the i.v. cohorts, plasma samples for PK analysis of rucaparib were taken during cycle 1 on D1 (pre-dose, end of infusion, 1--3 h post dose), D2 pre-dose, D4 (pre-dose, end of infusion, 1--3 h post dose), D5 pre-dose and D5 end of infusion (patients who dose escalated in the i.v. cohorts had samples taken in cycles 1 and 2). In the oral patients, PK samples were taken in cycles 1 and 2 at D1 (pre-dose, 30 min and1/1.5/2.5/4/6 h post dose), D2 pre-dose, D7 (pre-dose, 30 min and 1/1.5/2.5/4/6 h post dose), D8 pre-dose and D15 pre-dose for cohort 1. Cohort 2 (14-day dosing) D7 PKs were done on D14 and in cohort 3 (21 day dosing) and subsequent continuous dosing cohorts on D21. Analysis of rucaparib in plasma samples was performed according to a validated assay (NICR Standard Operating Procedure (SOP) 240) using LC/MS/MS. Rucaparib PK parameters were calculated by non-compartmental analysis with a linear/log-trapezoidal model for AUC using WinNonlin Professional software (Version 5.3, Pharsight, Mountain View, CA, USA).

Dose-limiting toxicity
----------------------

Defined as grade 4 neutropenia ⩾5 days, fever ⩾38.5 °C and/or documented infection associated with ⩾grade 3 neutropenia, grade 4 thrombocytopenia ⩾5 days, ⩾grade 3 non-haematological toxicity (excluding nausea, vomiting and diarrhoea if optimal treatments had not been received) and death.

*BRCA* mutation testing
-----------------------

Only patients with proven gBRCA mutations were eligible for the i.v. study. However, patients who had a strong family history of breast and/or ovarian cancer and were considered by clinical geneticists to be likely carriers of a *BRCA* mutation (Manchester criteria score ⩾20) could give their consent to enrol into the study and undergo *BRCA* mutational analysis (carried out by Myriad Genetics Inc. (Salt Lake City, UT, USA) via UK partner Lab21 Limited, Cambridge, UK) to confirm eligibility before receiving treatment. In the oral dosing cohorts, HGSOC patients with unknown *BRCA* status were permitted to enrol into the study, but underwent *BRCA* testing while on study.

Data analysis
-------------

The study was designed to assess effects of rucaparib in each of the four subgroups defined by *BRCA* mutation 1 or 2 and tumour type breast or ovary. All patients who received at least one dose of study drug were evaluable for toxicity assessment. Only patients who received rucaparib for least 80% of prescribed dose for ⩾2 cycles were evaluable for tumour response. Radiological responses were confirmed by a second assessment performed within 6 weeks of the initial report.

Results
=======

Patient demographics and treatment
----------------------------------

Patients were recruited to the i.v. cohorts between January 2008 and September 2011 and the oral study between October 2011 and August 2013.

A total of 89 patients consented to the study and were screened for eligibility. Of these, 78 patients (47 in the i.v. phase and 31 in the oral phase) were enrolled into the study. The median age at enrolment was 52 years (range 23--72 years). In all, 48 patients had a *BRCA1* mutation (15 with breast cancer, 33 with ovarian cancer) and 26 had a mutation within *BRCA2* (12 breast, 14 ovary). In addition, four patients with HGSOC and unknown *BRCA* were enrolled in the oral part of the study. Out of these 4 patients, three later underwent *BRCA1/2* mutation genotyping but no mutations in the *BRCA* genes were detected. The remaining patient was not tested. The median number of prior chemotherapy regimens for all patients was 2 (range 1--6) and all of the ovarian cancer patients had received prior platinum-based chemotherapy. Of all the patients, 56% were WHO PS zero.

All 78 patients received at least one dose of the PARPi and were eligible for toxicity assessment. A total of 71 patients completed at least 2 cycles at ⩾80% of dose and were eligible for response evaluation. The study schema with the number of patients treated at each dose level and schedule in both the i.v. and oral dosing cohorts is illustrated in [Figure 1](#fig1){ref-type="fig"}.

Clinical response
-----------------

The i.v. rucaparib on an intermittent dosing schedule resulted in an ORR of only 2% but 41% (18 out of 44) of patients achieved SD for ⩾12 weeks, with 3 patients maintaining disease stabilisation for \>52 weeks (see [Table 1](#tbl1){ref-type="table"}). The low ORR combined with PD data showing recovery of PARP enzyme activity during nontreatment days (discussed below) suggested a suboptimal dosing schedule and supported the amendment of the study to investigate the efficacy of continuous oral dosing to prolong PARP inhibition.

The ORR for all oral rucaparib (across all six dose levels and schedules) was 15%, but many patients achieved disease stabilisation, with an overall RECIST SD ⩾12 weeks of 63%. For all dose levels in the continuous oral dosing cohorts (*n*=17), the SD ⩾12 weeks rate was 59% (10 out of 17), with ORR of 18%, as shown in [Table 1](#tbl1){ref-type="table"}. In the oral cohorts, 81% (22 out of 27) of the patients had ovarian cancer and 12 out of 13, who were dosed continuously, achieved RECIST CR/PR or SD ⩾12 weeks, with a median duration of response of 179 days (range 84--567 days).

Of the 78 patients treated in the study, 51 had ovarian cancer and all had received prior platinum- based chemotherapy. In this group a higher benefit based on RECIST CR/PR or SD ⩾12 weeks was seen in patients with the longest platinum-free interval (PFI): 81% *vs* 60% *vs* 29% for PFI of \>12 months, 6--12 months and \<6 months, respectively.

Interestingly, there were no responders by ORR to rucaparib in the breast cancer patients. Of the evaluable patients, 39% (9 out of 23) did achieve SD ⩾12 weeks as best response.

Best percentage change in tumour size over baseline for the i.v. cohorts and the oral schedules are shown in the waterfall plots in [Figure 2](#fig2){ref-type="fig"}. Both *BRCA1* and *BRCA2* mutation carriers responded to rucaparib. However, because of overall low ORR, subgroup analysis of response by tumour type and BRCA status was not statistically feasible. The ORR results stratified by tumour type and BRCA mutation are shown in [Table 1](#tbl1){ref-type="table"}; of note, no objective responses were seen in any of the breast cancer patients for both i.v. and oral rucaparib. Of the four patients with non-gBRCA HGSOC, three were evaluable for response. One patient progressed after 2 cycles and the other two patients had SD for 4 and 8 cycles respectively.

Toxicity
--------

Rucaparib was well tolerated by patients up to a dose of 480 mg per day. Doses above this level (480 mg b.d. and 600 mg b.d.) resulted in DLTs (CTCAE grade 3 fatigue) and drug discontinuation because of persistent fatigue in 2 patients. No DLTs were seen in the i.v. phase of the study. [Table 2](#tbl2){ref-type="table"} lists the most frequently occurring adverse events (AEs) that were mostly grade 1/2 in severity and manageable with standard therapeutic interventions. The most common treatment related AEs were fatigue (51% all grades) and nausea (36% all grades). There were no reported grade 4/5 AEs and there were no treatment-related deaths on study.

Pharmacodynamics PARP activity in response to rucaparib
-------------------------------------------------------

Inhibition of PARP enzyme activity following treatment with rucaparib was evaluated in 71 of the 78 study patients. The i.v. rucaparib is a potent inhibitor of PARP with the mean % inhibition at end of infusion of 98.8%, 95.5% and 88.4% for the 4, 12 and 18 mg m^−2^ dose levels, respectively. At ⩾24 h after a single dose of rucaparib (D2 pre-dose sample time-point), \>50% of PARP inhibition was maintained even at the lowest dose level of 4 mg m^−2^ (see [Figure 3A](#fig3){ref-type="fig"}).

A total of 31 patients received oral rucaparib at the dose levels shown in [Figure 1](#fig1){ref-type="fig"}. Results of the effects of oral rucaparib on PARP-1 enzyme activity are seen in [Figure 3](#fig3){ref-type="fig"}, with potent inhibition of PARP, ⩾90% mean inhibition over pre-treatment values at 24 h, after a single dose at all dose levels (except the 480 mg o.d. cohort). In all, 18 patients received 92 mg o.d. dosing: 6 patients for 7 days, 6 patients for 14 days and 6 were dosed continuously for the 21-day cycle at this dose level. This enabled the effects of a more prolonged schedule of the same dose to be assessed in terms of duration of PARP enzyme inhibition and safety. Mean pre-dose PARP activity levels for the three cohorts are shown in [Figure 3B](#fig3){ref-type="fig"}. By D15 in the 7-day schedule, clear recovery of PARP enzyme activity was seen. In fact, PARP activity levels higher than the recorded pre-treatment values were observed (mean=195%). After 14 days of dosing, some recovery at cycle 2 day 1 was still observed (mean PARP activity=27% compared with 8% at C2D1). However, at D21 in the 21-day continuous dosing schedule, PARP activity remains clearly suppressed with mean pre-dose levels of only 9%. These data support the use of a continuous dosing schedule of rucaparib to maintain PARP inhibition, minimise recovery of enzyme activity between doses and improve clinical efficacy. Following the three schedules of 92 mg o.d., patients were recruited to cohorts of increasing daily doses of continuous oral rucaparib. In these 13 patients, increasing the continuous oral rucaparib dose \>92 mg o.d., or dosing twice daily, did not result in a significantly greater mean PARP enzyme inhibition at 24 h post dose.

Pharmacokinetics
----------------

The data from patients receiving i.v. rucaparib as a single agent in the current study were largely in line with those reported previously ([@bib20]), with day 1 end-of-infusion concentrations of 246±103, 676±271 and 755±420 ng ml^−1^ at 4, 12 and 18 mg m^−2^, respectively (see [Supplementary Data](#sup1){ref-type="supplementary-material"}). At the comparator dose level of 92 mg, AUC values for rucaparib after oral dosing were similar to those seen after administration of 18 mg m^−2^ i.v., indicating that bioavailability was ∼33%, similar to that predicted from data of previous bioavailability studies (provided by Clovis). Plasma concentrations and AUC values increased as doses were escalated, as indicated in the [Supplementary Table 1](#sup1){ref-type="supplementary-material"}, that summarises the main PK parameters at each oral dose level. There was however not a clear relationship between dose and C~max~ or dose and AUC because of the high degree of interpatient variability. The half-life of rucaparib after oral dosing was 9.1±2.7 h. In all but 4 patients, across all doses and for both oral and i.v. administration, \>75% PARP inhibition was observed. Regardless of route of administration, there was no discernible PK--PD relationship, with near maximal PARP enzyme inhibition observed even at doses that produced only modest C~max~ values. In addition, although intersubject variation in PK was significant, this did not result in a wide variation of this surrogate PD end point (see [Figure 4](#fig4){ref-type="fig"}).

Discussion
==========

This trial was designed to investigate the efficacy and toxicity of the PARPi rucaparib as a single agent in patients with gBRCA-mutated advanced breast or ovarian cancer. The results show that rucaparib is a well-tolerated potent inhibitor of PARP with \>75% PARP inhibition seen in the surrogate PBLs of every patient following rucaparib and sustained inhibition ⩾24 h after single doses, confirming proof of mechanism. Following rucaparib, many patients achieved SD with the continuous oral dosing schedules; however, in the overall study ORR was lower than expected. The reasons are likely to be multifactorial but the intermittent scheduling and the cautious dose escalation were thought to be mainly responsible. The dosing schedule of 5 days out of every 21 days allowed recovery of PARP enzyme activity and consequently loss of synthetic lethality. This is consistent with the data from the oral cohort where 18 patients received rucaparib 92 mg once daily but for different durations within the 21-day cycle. The oral cohorts demonstrate that sustained PARP inhibition (\>90%) was observed only with continuous dosing, either daily or twice daily (see [Figure 4](#fig4){ref-type="fig"}). In addition, subsequent preclinical studies of rucaparib have demonstrated that a daily dosing schedule of 5 days every 21 days does not result in delay of *BRCA* mutant tumour growth, whereas continuous dosing does ([@bib18]). The lack of ORR seen in the breast patients may be less about the schedule and more related to differences in tumour biology in *BRCA* mutant breast cancer as has been reflected in results of other studies where responses have been seen on *BRCA-*mutant ovarian but not breast tumours [@bib9]).

All of the 51 ovarian cancer patients treated in the study had received prior platinum and it is known in preclinical studies that exposure to platinum agents can result in genetic reversions that result in resistance to PARP inhibitors ([@bib26]). It is not known whether this phenomenon occurs in clinical practice and whether it may have also contributed to the low ORR in this patient population.

In ovarian cancer patients, the PFI is a useful marker of potential response to PARP inhibitors, with patients with longer PFI shown to have the most responsive tumours ([@bib8]). The current study, unlike many of the PARP- trials in ovarian cancer, allowed recruitment of ovarian cancer patients with platinum-resistant disease (progression within 6 months of platinum-based therapy) to participate. These data confirm the findings of [@bib8]), with the greatest benefit seen in those patients with longest PFI (\>12 months). Hence, inclusion of platinum resistant patients may have adversely affected the ORR.

Although dosing schedule is important for achieving clinical benefit, what is not clear is how much PARP inhibition is needed for the optimal use of these agents. In this study increasing the dose of rucaparib did not consistently result in a greater degree of PARP inhibition, as seen in [Figure 3](#fig3){ref-type="fig"}, and PK analysis failed to show any PK--PD relationship. Furthermore, the CBR was similar in the 92 mg o.d. continuous cohort (*n*=5, 80%) to the patients treated at higher and more frequent oral doses (*n*=12, 75%). Conversely, similar degrees of enzyme inhibition were seen across different dose regimens from 92 mg o.d. to 600 mg b.d. For some patients maximum PARP enzyme inhibition might be achieved at lower doses and significant further inhibition is not achieved by higher doses or even more frequent dosing. This might be important in patients unable to tolerate the higher doses of rucaparib (and other PARPis), currently under investigation in ongoing single-agent and combination studies. However, it should be remembered that in the two proof-of-concept phase 2 studies of olaparib in BRCA-mutant breast and ovarian cancer, higher rates of response were seen the patients who received the 400 mg dosing than those in the 100 mg b.d. cohort ([@bib1]; [@bib30]).

No significant difference was seen in baseline PARP activity levels between those patients who progressed after 2 cycles compared with that in patients with a CR/PR/SD ⩾12-weeks response. However, this represents a small population size and it known that baseline levels of PARP activity vary markedly in both cancer patients and healthy human volunteers ([@bib32]), and may result in different clinical outcomes from the same degree of PARP inhibition.

Evaluating dose--response of rucaparib using a PD biomarker assay such as the PARP inhibition assay is challenging and has limitations. In this study, levels of PARP inhibition were assessed only in surrogate PBLs and not in tumour biopsies, and hence there may have been a disparity between inhibition levels at these sites because of drug exposure/penetration that could have affected clinical outcome. In addition, the observation of similar degrees of maximum enzyme inhibition across different doses (92 mg o.d. to 600 mg b.d.) may be because of the limitations of the PD biomarker assay and the reality may be that higher subtle differences in inhibition are seen within the tumours themselves.

The key three lessons learned from this study are: firstly, rucaparib continuous dosing to sustain PARP inhibition is needed for clinical efficacy; secondly, the recommended phase 2 dose (RP2D) for continuous oral scheduling has not been established and requires further exploration; and thirdly, the use of a PD biomarker to evaluate dose--response has its limitations.

Results and lessons learned from this study are being applied to the ongoing Clovis-sponsored studies (Study 10; NCT 01482715, ARIEL 2; NCT 01891344 and ARIEL3; NCT 01968213). Study 10 (CO-338-010) is a three-part, open-label, safety, PK and preliminary efficacy phase 1/2 study of oral rucaparib administered daily for continuous 21-day cycles. It was initiated in Q4 2011 by Clovis in an attempt to further explore the preliminary efficacy results from this study and to establish further the RP2D of oral continuous rucaparib. In part 1 (dose-escalation phase), 56 patients were enrolled (27 breast cancer, 20 ovarian/peritoneal cancer and 9 other tumours) and were treated with rucaparib at dose levels of 40, 80, 160, 300, and 500 mg once daily (o.d.) and 240, 360, 480, 600, and 840 mg b.d. Results, presented at ESMO 2014, established the RP2D of rucaparib to be 600 mg b.d. based on toxicity and preliminary efficacy data ([@bib13]). In terms of toxicity: 1 out of 6 patients treated with 360 mg b.d. experienced a DLT (grade 3 nausea despite maximal intervention); no DLTs were observed in the 480 (*n*=9), 600 (*n*=5) or 840 mg b.d. (*n*=3) cohorts during cycle 1. Overall, the most common AEs were mild to moderate GI effects and fatigue (mostly grade 1/2) and no patient discontinued rucaparib because of an AE. The study is ongoing with part 2b investigating efficacy in heavily pre-treated high-grade serous, BRCA-mutant ovarian cancers at the RP2D of 600 mg b.d. Preliminary results of ARIEL2, investigating 600 mg b.d. rucaparib, presented at ASCO 2015, reported ORR of 82% (RECIST and CA125) in patients with germline and somatic *BRCA* mutations ([@bib15]). In addition, interim results of study 10 part 2 have shown ORR or 77% (RECIST and CA125) in heavily pre-treated BRCA-mutant ovarian cancers ([@bib24]). Developing a diagnostic signature of HRD in ovarian cancer is also a major focus of ARIEL2, with early results indicating efficacy in patients who are *BRCA* wild type but with high tumour genomic loss of heterozygosity (LOH) ([@bib15]).

To conclude, this study has established that rucaparib is active in gBRCA-mutant ovarian cancer, this activity correlates with PFI and that continuous rucaparib dosing is required for optimal response. The RP2D of 600 mg b.d. is now being tested in terms of tolerability and efficacy in the larger ovarian cancer population and we eagerly await the final results of these ongoing rucaparib studies.

The trial was undertaken under the sponsorship and management of Cancer Research UK Centre for Drug Development.
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![**Phase 2 study schema showing total number of patients screened, subsequently enrolled into the study and treated at each dose level and schedule for both i.v. and oral rucaparib.** The symbol '\*\' represents the same patients who dose escalated in the absence of any dose-limiting toxicity.](bjc201641f1){#fig1}

![Waterfall plots showing the best percentage change in tumour size over baseline as measured according to RECIST for each assessable patient in (**A**) i.v. cohorts and (**B**) oral cohorts. \*High-grade serous ovarian cancer and unknown or wild-type *BRCA*.](bjc201641f2){#fig2}

![**Scatter plots of data showing % PARP enzyme inhibition levels relative to pretreatment levels (black circles) in patients\' PBLs following treatment with rucaparib.** (**A**) All dose levels at ∼24 h following last dose of rucaparib except for the twice daily schedules when levels were taken ∼12 h after last dose. Data for the 92 mg o.d. cohorts only are shown in (**B**) 7 days continuous dosing, (**C**) 14 days continuous dosing and (**D**) 21 days continuous dosing. The line represents the mean % inhibition.](bjc201641f3){#fig3}

![**The PK--PD relationship.** The data show maximum % PARP inhibition levels relative to pretreatment values (grey circles) plotted against C~max~ rucaparib levels (ng ml^−1^) (inverted white triangles) on day 1 of treatment for all i.v. and oral dose cohorts.](bjc201641f4){#fig4}

###### Efficacy of rucaparib by RECIST for the 71 patients by i.v. and oral rucaparib and by BRCA mutation status and tumour type

  **RECIST Response by patient no. (%)**    **All patients** ***n*****=71**   **The i.v. cohorts** ***n*****=44**   ***BRCA1*** **ovary*****n*****=16**   ***BRCA2*** **ovary** ***n*****=10**   ***BRCA1*** **breast** ***n*****=9**   ***BRCA2*** **breast** ***n*****=9**   **Oral cohorts** ***n*****=27**[a](#t1-fn2){ref-type="fn"}   ***BRCA1*** **ovary** ***n*****=16**   ***BRCA2*** **ovary** ***n*****=3**   ***BRCA1*** **breast** ***n*****=4**   ***BRCA2*** **breast** ***n*****=1**   **Oral cohorts continuous dosing** ***n*****=17**
  ---------------------------------------- --------------------------------- ------------------------------------- ------------------------------------- -------------------------------------- -------------------------------------- -------------------------------------- ------------------------------------------------------------ -------------------------------------- ------------------------------------- -------------------------------------- -------------------------------------- ---------------------------------------------------
  Objective response                                     5 (7)                               1 (2)                                 1 (6)                                 0 (0)                                  0 (0)                                  0 (0)                                             4 (15)                                            3 (19)                                1 (33)                                 0 (0)                                  0 (0)                                        3 (18)
  Complete response                                      1 (1)                               0 (0)                                 0 (0)                                 0 (0)                                  0 (0)                                  0 (0)                                             1 (4)                                             1 (6)                                  0 (0)                                 0 (0)                                  0 (0)                                         1 (6)
  Partial response                                       4 (6)                               1 (2)                                 1 (6)                                 0 (0)                                  0 (0)                                  0 (0)                                             3 (11)                                            2 (13)                                1 (33)                                 0 (0)                                  0 (0)                                        2 (12)
  Stable disease ⩾12 weeks                              35 (49)                             18 (41)                               4 (25)                                 6 (60)                                 4 (44)                                 4 (44)                                           17 (63)                                           12 (75)                                2 (67)                                 0 (0)                                 1 (100)                                       10 (59)
  Progressive disease                                   28 (39)                             22 (50)                               10 (63)                                3 (30)                                 5 (56)                                 4 (44)                                            6 (22)                                            1 (6)                                  0 (0)                                4 (100)                                 0 (0)                                        4 (23)

Abbreviations: CBR=clinical benefit rate; i.v.=intravenous; RECIST=Response Evaluation Criteria in Solid Tumours.

Includes data from three high-grade serous ovarian cancer patients who were unknown BRCA or BRCA wild type.

###### Rucaparib-related (possibly, probably or almost certainly) adverse events (AEs) that occurred in at least 3 of all 78 patients by grade

                                                       **Maximum CTCAE grade per patient for all dose levels, no. (%)**            
  --------------------------------------------------- ------------------------------------------------------------------ --------- -------
  Nausea                                                                           22 (28)                                 4 (5)    2 (3)
  Fatigue                                                                          20 (26)                                15 (19)   5 (6)
  Headache                                                                         12 (15)                                 5 (6)    0 (0)
  Diarrhoea                                                                        11 (14)                                 1 (1)    0 (0)
  Infusion site reaction[a](#t2-fn3){ref-type="fn"}                                 5 (11)                                 1 (2)    0 (0)
  Dizziness                                                                         8 (10)                                 1 (1)    0 (0)
  Vomiting                                                                          7 (9)                                  3 (4)    0 (0)
  Anorexia                                                                          7 (9)                                  1 (1)    0 (0)
  Constipation                                                                      6 (8)                                  1 (1)    0 (0)
  Alopecia                                                                          6 (8)                                  0 (0)    0 (0)
  Pruritus                                                                          4 (5)                                  1 (1)    0 (0)
  Taste alteration (dysgeusia)                                                      4 (5)                                  1 (1)    0 (0)
  Anaemia                                                                           0 (0)                                  4 (5)    0 (0)
  Neutropenia                                                                       3 (4)                                  1 (1)    0 (0)
  Dry mouth (xerostomia)                                                            3 (4)                                  0 (0)    0 (0)
  Elevated transaminase (AST)                                                       3 (4)                                  0 (0)    0 (0)
  Low mood                                                                          3 (4)                                  0 (0)    1 (1)
  Sensory neuropathy                                                                3 (4)                                  0 (0)    0 (0)
  Abdominal pain                                                                    2 (3)                                  2 (3)    1 (1)
  Arthralgia                                                                        3 (4)                                  2 (3)    0 (0)
  Myalgia                                                                           2 (3)                                  1 (1)    0 (0)
  Lymphopenia                                                                       1 (1)                                  2 (3)    0 (0)

Abbreviations: AST=aspartate transaminase; CTCAE=Common Terminology Criteria for Adverse Events.

Data are patient number (%). There were no grade 4/5 AEs.

Intravenous (i.v.) cohort only (*n*=47).
